The metabolic performance of ectotherms is expected to be driven by the environment in which they live. Ecologically similar species with contrasting elevation distributions occurring in sympatry at mid-elevations, provide good models for studying how physiological responses to temperature vary as a function of adaptation to different elevations. Under sympatry, at middle elevations, where divergent species ranges overlap, sympatric populations are expected to have similar thermal responses, suggesting similar local acclimation or adaptation, while observed differences would suggest adaptation to each species' core range. We analysed the metabolic traits of sympatric species pairs from three ectotherm groups: reptiles (Reptilia: Lacertidae), amphibians (Amphibia: Salamandridae) and beetles (Coleoptera: Carabidae), living at different elevations, in order to test how adaptation to different elevations affects metabolic responses to temperature. We experimentally tested the thermal response of respiration rate (RR) and estimated potential metabolic activity (PMA) at three temperature regimes surrounding the groups' optimal activity body temperatures. RR was relatively similar among groups and showed a positive response to increasing temperature, which was more pronounced in the high-elevation species of reptiles and beetles. Relative to RR, PMA displayed a stronger and more consistent positive response to increased temperature in all three groups. For all three groups, the average biochemical capacity for metabolism (PMA) was higher in the range-restricted, high-elevation species, and this difference increased at higher temperatures in a consistent manner. These results, indicating consistent pattern in three independently evolved animal groups, suggest a ubiquitous adaptive syndrome and represent a novel understanding of the mechanisms shaping spatial biodiversity patterns. Our results also highlight the importance of geographic patterns for the mechanistic understanding of adaptations in physiological traits, including species' potential to respond/adapt to global climate changes.
Introduction
Ectotherm body temperature depends on external heat sources (Huey and Kingsolver 1989) . Thus, of the factors that may influence metabolic performance in ectotherms (i.e. body size, sex, reproductive and nutritional condition, seasonal activity), body temperature is the most influential (Bennett and Dawson 1976) . Different groups or species of ectotherms frequently differ in their thermoregulatory ability, namely in the capacity to maintain active body temperature within a narrow range (Schmidt-Nielsen 1997) . Depending on the thermoregulatory efficiency, ectotherm metabolism is adapted to perform under various temperature ranges (Packard 1971 , Båmstedt 1980 , Simčič and Brancelj 1997 , 2000 , 2004 , Simčič et al. 2014 .
The body temperature of many terrestrial ectotherms does not passively mirror environmental temperatures, but rather individuals employ various thermoregulatory strategies to avoid extreme temperatures and to maintain body temperature more or less precisely around a preferred temperature associated with their physiological optima (Thiele 2012, Vitt and Caldwell 2013) . For example, lizards (Reptilia: Lacertidae) often use behavioural thermoregulation such as frequently shuttling from hot to cold microhabitats, adjusting posture and flattening their bodies (Angilletta et al. 2002 , Carretero et al. 2005 . Salamanders (Amphibia: Salamandridae) and ground beetles (Coleoptera: Carabidae) adjust activity times to coincide with specific humidity and temperature conditions (Kenagy and Stevenson 1982 , Riddell and Sears 2015 , Tirado et al. 2017 ) and can also employ other behavioural thermoregulatory strategies to maximize their thermoregulatory precision (Henwood 1975) . Moreover, most terrestrial ectotherms from temperate regions remain inactive when the environmental temperatures are extremely unfavourable, although they maintain some degree of metabolic activity (Huey 1991) . In terrestrial ectotherm species that keep active body temperature optimized within a narrow range for long periods, metabolic activity is expected to be more temperature sensitive (Garland Jr and Else 1987) .
In general, spatial patterns of biodiversity may inform about the underlying role of species' adaptations to environmental conditions, accounting also for the role of species interactions (Gaston et al. 2009 ). For example, the role of physiological responses, e.g. in metabolism, along environmental gradients can help to better understand how species cope with environmental variation especially in the context of climate change (Pörtner and Knust 2007, Pizzolotto et al. 2014) . As for all organism's traits, responses of physiology (e.g. metabolism) to climate warming are expected to differ among species as a function of their adaptive differences (evolved traits) and acclimated thermal experience from environment (phenotypic plasticity). Adjacent species living under different thermal regimes may therefore have predictably different physiological responses to warming. In particular, thermal environments exert strong selective pressures on life-history as well as on behaviour and physiology of organisms (Dunson and Travis 1991) . As such, temperature also has a profound effect on organisms' phenotypes and their distributions (Angilletta 2009 ). In an explicit distinct spatial context, where species with different elevational distribution overlap in sympatry, we may expect that sympatric populations will have either a) similar thermal responses, suggesting similar local acclimation or adaptation, or b) different thermal responses in species with different geographic distributions, suggesting differential adaptation to each species' range core. In this context, ecologically similar and sympatric species pairs with different elevational distribution provide good models for studying past or current adaptive traits, namely when tested in the absence of the effects of acclimation in areas of overlap at mid elevations where they experience similar environmental conditions (Seebacher et al. 2012 (Seebacher et al. , Žagar et al. 2015a .
In order to uncover the general pattern of physiological responses of metabolism in terrestrial ectotherms, our study examined three unrelated groups in the same region: reptiles, amphibians and beetles. Although all studied species have sympatric ranges and co-exist at mid-elevations (700-900 m a.s.l) in south-central Europe, they display different distribution in elevation and range size distributions. We employed a design comparing one widespread and low-elevation species with a range-restricted and high-elevation species in all three groups. Phylogenetically, species pairs in each group are not directly related (i.e. sister taxa), sharing a common ancestor only in the Early or Middle Miocene (for carabid beetles: Andújar et al. 2012 , Deuve et al. 2012 ; for salamanders: Vences et al. 2014 ; for lacertid lizards: Mendes et al. 2016) . We focused on two traits of metabolism: respiration rate (RR) and potential metabolic activity (PMA) and their thermal response trends.
Metabolic or respiration rate (RR), which is the most standard way of describing metabolic performance, is subject to various structural cellular component characteristics (Simon and Robin 1971 , Rolfe et al. 1999 , West et al. 2002 , Starostová et al. 2009 ). Firstly, there is a clear (but not necessarily linear) relationship between RR and body temperature due to temperature sensitive enzymatic processes taking place at the cellular level during metabolism (Gillooly et al. 2001 , Schulte 2015 . Thus, in an individual, higher body temperatures will result in a higher rate of metabolism, and a positive thermal response is usually recorded up to a critical maximum (Angilletta et al. 2002) . However, on the biochemical level, metabolism is constrained by enzyme activities together with mitochondrial oxidative capacities that reflect the maximal rate at which metabolic processes can occur (Moyes and Hood 2003) . Measurements of RR may be subject to great error, if tested organisms are not at rest, while activity of tested organisms is often difficult to minimise inside testing chambers. Moreover, even at rest, RR also incorporates whole-organism maintenance while tissue-level metabolism does not (Bennett and Dawson 1976) . Thus, for assessing the metabolic variation between organisms, populations or species, in a thermally heterogeneous environment, the capacity of metabolism measured at the tissue level may be a better descriptor with stronger adaptive potential.
Potential metabolic activity (PMA) has previously proved to be a useful measure for assessing metabolic variation in aquatic invertebrates and fish (Simčič and Brancelj 2001 , 2004 , 2010 , Bielen et al. 2016 . However, it is less often reported for terrestrial invertebrates and vertebrates despite its similar potential in these groups (Bednarska and Stachowicz 2013, Žagar et al. 2015a) . PMA is a direct enzymatic parameter that depends on the concentration (Packard 1971 ) and characteristics (Båmstedt 1980 ) of enzymes and that has been found to be closely correlated to actual oxygen consumption in invertebrates (Simčič and Brancelj 2001) and vertebrates (Simčič et al. 2015) . Thus, PMA provides useful information about the physiological properties of an organism's fundamental niche (Stoffels et al. 2016) .
Across some ectotherm groups, for which the thermal responsiveness of metabolic activity has been extensively studied, correlation with several life-history traits has been shown. For example, seasonal variations in metabolic activity were reported for zooplankton (Simčič and Brancelj 2004) and reptiles (Seebacher et al. 2003) ; metabolic properties of amphipod species were modified when inhabiting contrasting environments, i.e. subterranean vs surface ; metabolic characteristics of freshwater fish were related to their habitat conditions (Simčič et al. 2017) ; and metabolic activity of invasive and native bivalve species differed between two species that varied in competitive ability (Bielen et al. 2016) . Moreover, many studies exploring metabolic performance or activity indicate the importance of the acclimation of physiological traits to environmental conditions (Pörtner and Knust 2007, Žagar et al. 2015a ). Therefore, ectotherm metabolic performance is on one hand expected to reflect adaptive responses to differing habitat occupied by a species, i.e. distributions (Pearson and Dawson 2003 , Pörtner and Knust 2007 , Gaston et al. 2009 , Pizzolotto et al. 2014 ) but on the other hand, may reflect adaptation or acclimation to local conditions occupied by a population or individual.
In this study we analysed both traits of metabolism, RR and PMA, in multiple comparisons of one widespread and low-elevation species with one range-restricted and highelevation species, in three groups of ectotherms, to explore significance of both traits of metabolism and their adaptive/ adjustment potential. Since all species have poor dispersal ability, we expected to find a trade-off where RR and PMA would be higher at low temperatures for high-elevation species (because on average they live in a colder environment), but would be higher at high temperatures for low-elevation species (because on average they live in warmer environment). Moreover, a generally higher average PMA was also expected for the high-elevation species because they live in an environment with shorter activity seasons, where higher capacity for metabolism would be beneficial to compensate for longer hibernation periods, i.e. costs of inactivity (Fig. 1a) . Overall, the outcomes of this study are expected to improve our understanding of importance of metabolic traits in species' responses to climate changes and to elucidate the role and capacity of the metabolic response in ectotherms to cope with these changes. This is especially important because information on metabolic acclimation in wild populations is still lacking for many terrestrial organisms (Pörtner and Knust 2007) .
Material and methods

Studied species and sampling
In reptiles (Reptilia) we compared two lizard species (Lacertidae): widespread, low-elevation common wall lizard Podarcis muralis and range-restricted, high-elevation Horvath's rock lizard Iberolacerta horvathi (Žagar et al. 2013) . In amphibians (Amphibia) we compared two salamander species (Salamandridae): widespread, low-elevation common fire salamander Salamandra salamandra and range-restricted and high-elevation alpine salamander S. atra (Razpet et al. 2016) . In beetles (Coleoptera) two species of ground beetles (Carabidae) were examined: widespread, low-elevation Carabus coriaceus and range-restricted and high-elevation C. croaticus (Turin et al. 2003) . Lizards were caught with a noose (García-Muñoz and Sillero 2010) at two collecting sites only 9.4 km apart (Fig. 1e ) in a rocky opening in Dinaric fir-beech forest (Omphalodo-Fagetum s. lat.) at an elevation of around 800 m a.s.l. Salamanders were collected on rainy days in Dinaric fir-beech forest by visually searching on forest roads. Two road transects were positioned 27 km apart ( Fig. 1e ) in an elevation range of 700-900 m a.s.l. Ground beetles were also collected in Dinaric fir-beech forest ( Fig. 1e ) in an elevation range of 700-930 m a.s.l. using live pit-fall traps with vinegar as a scent-attractant to increase catch rate (Vrezec and Kapla 2007) within a radius of 1 km.
To prevent seasonal differences in enzymatic activity (Garland Jr and Else 1987, Zari 1999) , all species of the same group were tested during the same season within a short time period (1-2 months). In order to facilitate our collections, we adjusted sampling to periods of activity peaks for each ectotherm group (Turin et al. 2003, Arnold and Ovenden 2004) . Reptiles were collected between 7 May and 17 June 2015, amphibians between 27 April and 3 May 2015, and beetles between 3 June and 27 July 2015. In this time period, females of amphibians and beetles were in their late reproductive state (Gillooly et al. 2001 ). Thus, we confined our dataset to males to avoid the potential influence of gravidity on metabolic traits. In reptiles, we used both females and males, since both sexes in early spring do not show differences in their thermoregulation and metabolism (Carretero et al. 2005) .
In total, we captured 41 reptiles (27 I. horvathi and 14 P. muralis), 34 amphibians (20 S. salamandra and 14 S. atra) and 13 beetles (7 C. coriaceus and 6 C. croaticus). All individuals were transported to the laboratory at the National Inst. of Biology (Ljubljana, Slovenia). All individuals were housed in individual plastic boxes (15  30  20 cm) with dry leaves to provide shelter for reptiles, and with leaves and wet moss for amphibians and beetles to create and maintain conditions that mimic their natural environment (Turin et al. 2003, Arnold and Ovenden 2004) . Containers with amphibians and beetles were hydrated daily by spraying water to maintain constant moist conditions. Reptiles were kept under a natural regime of light and regulated temperature (Žagar et al. 2015a ). Amphibians and beetles were kept under an alternating 12 h regime of light and dark in temperaturecontrolled chambers (at a constant temperature of 10°C). Reptiles and amphibians were provided with Tenebrio molitor larvae and water ad libitum, and beetles with a piece of apple depending on the need. All individuals were acclimated in the laboratory for at least 36 h and up to a maximum of three days before use in measurement trials. Individuals were not fed in the 24 h prior to the experiments.
Respiration rate (RR)
We experimentally determined respiration rate (RR) using glass flasks with impermeable lids, inside which we placed tested individuals and measured oxygen consumption by determining inside oxygen saturation (%) with a sensor and a fibre-optic oxygen meter (PreSens, Regensburg, Germany) over a total period of 90 min. Measurements were taken at three temperature regimes in 5°C intervals surrounding species' preferred body temperature (Knapp 1974 , Degani and Warburg 1978 , Osojnik et al. 2013 . In reptiles, RR was measured at 23°C, 28°C and 33°C, and for amphibians and beetles at 10°C, 15°C and 20°C. All measurements of the same individual (RR from the low, mid and high temperature regime) were performed in a single day and always from 08.00 to 15.30 h Central European Time (CET). The test started by placing individuals in individual glass flasks with an impermeable lid; reptiles and amphibians were placed in 200 ml and beetles in 50 ml individual glass flasks. Flasks were kept open for 30 min under the low temperature regime to allow acclimation of air inside the flasks and then closed. We then measured the initial value of oxygen saturation. After 30, 60 and 90 min, we again measured the oxygen saturation to calculate the difference from the initial value. Next, we opened the flasks and raised the temperature by 5°C to the mid temperature regime and repeated the procedure. The same was repeated for the high temperature regime. We used a maximum of 28 flasks (two controls and 26 with individuals) in the same trial in one day, depending on the number of individuals collected in the field.
After the trials individuals were weighed (Mass) on a digital scale (Sartorius, Goettingen, Germany) to the nearest  0.0001 g to obtain body mass. Oxygen consumption of each individual was determined for the three 30 min intervals as the difference between oxygen consumption in the flask after 30 min with the animal and mean oxygen consumption in control flasks. Oxygen consumption in each flask was calculated as the difference between the oxygen concentrations during incubation, multiplied by the volume of the flask less the animal volume, and divided by the incubation time and mass of the animal (μl O 2 g -1 WW h -1
). Because an organism's RR will be higher if it is moving during experimental trials than if it is at rest, we made measurements every 30 min to make sure that individuals were calm and resting during trials (Maciak and Konarzewski 2010) . We also minimized any other disturbance during experiments, and individuals were measured under dark conditions. Despite this, on average 20 % of individuals per sample group were observed to be active during the experiments thus we excluded them from the analyses. We also obtained three values of oxygen consumption after each 30 min interval and used the lowest value to minimize the error due to activity.
To obtain the body length (BodyL), we measured the snout to vent length in reptiles and amphibians using digital calliper, to the nearest 0.1 mm, and for beetles we took photographs on a millimetre grid and measured total head and body length using the Merilec ver. 1.11 program, to the nearest 0.1 mm.
Potential metabolic activity (PMA)
Estimated potential metabolic activity (PMA) was determined from non-invasively collected tissues in the case of vertebrates (tail tip from reptiles and amphibians), and from the right middle leg from beetles. PMA values for a whole animal can be estimated on the basis of the measured values of PMA of a part of the animal body that can be regenerated (e.g. tail tips, legs), thus avoiding sacrifice (Simčič et al. 2012 (Simčič et al. , Žagar et al. 2015a . Our protocol consisted of the following steps: 1) a 10-mm-long segment of the tail or a whole leg was homogenized in liquid nitrogen using a mortar; 2) a weighed amount (7-165 mg wet weight (WW)) was sonicated in ice-cold homogenization buffer (0.1 M sodium phosphate buffer pH = 8.4; 75 μM MgSO 4 ; 0.15% (w/v) polyvinyl pyrrolidone; 0.2% (v/v) Triton-X-100) for 20 s (4710; ColeParmer) and centrifuged at 8500  for 4 min at 0°C (Centrifuge Sigma); 3) two parallels of 0.5 ml homogenate (samples) and one blank without the homogenate were all incubated at the three temperature regimes (those used for RR) in a substrate solution (0.1 M sodium phosphate buffer pH = 8.4; 1.7 mM NADH; 0.25 mM NADPH; 0.2% (v/v) Triton-X-100) with 2.5 mM 2-(p-iodophenyl)-3-(pnitrophenyl)-5-phenyl tetrazolium chloride (INT) solution). We performed several preliminary trials with different periods of incubation to optimize the protocol, which assured that the values obtained were on the linear part of the curve of the reaction (G. -Tóth et al. 1995) ; following this, we set incubation periods to 25 min for reptiles, 40 min for amphibians and 30 min for beetles. Values were simultaneously measured in parallel under the same three temperature regimes that were used for RR; 4) the reaction was ended with a stopping solution (formalin: H 3 PO 4 concentration = 1:1 v/v); 5) after incubation and stopping solution, we added homogenate (samples) into the blanks; 6) formazan production was determined spectrophotometrically from the absorbance of the sample at 490 nm against the control (WTWPhoto-LabSpektral).
From the spectrophotometrically obtained values, we performed calculations according to Kenner and Ahmed (1975) to obtain a coarse estimate of PMA. The main reaction is the reduction of INT into formazan instead of the reduction of the natural electron acceptor, oxygen. It indicates the amount of oxygen consumption that would occur if all enzymes that consume oxygen functioned maximally since the substrate and reagent solutions are added in excess (Muskó et al. 1995 , G.-Tóth 1999 . This procedure of INT reduction capacity was in previous studies often (mistakenly) referred to as electron transport system (ETS) activity, but this was not correct because the INT used can be reduced by both intra-and extra-mitochondrial dehydrogenases (Bernas and Dobrucki 2002, Berridge et al. 2005) . Moreover, we used a homogenate from either a piece of tail or from a leg, which are composed of skin, muscles, ligaments and bones, thus INT was reduced by mitochondrial, but also possibly by cytosolic, lysosomal and peroxisomal fractions. For these reasons, we emphasize that our results provide a crude (but relevant) measure of potential metabolic activity in terms of potential metabolic capacity. However, since (per group) the same type of tissue was used for all individuals with the same reduction method and protocol, the comparisons are informative. The temperature coefficient (Q 10 ) represents the factor by which the rate of a reaction increases for every 10-degree rise in temperature (Bennett and Dawson 1976) . The Q 10 values were calculated according to the equation in Lampert (1984) , where for the reaction rates k 1 and k 2 we used PMA values at the low and high temperature regime, respectively.
Statistical analyses
Where needed, data were log 10 -transformed prior to analyses to meet the criteria of normality and homoscedasticity in the distributions. Prior to pooling the data sets of both sexes in reptiles, we tested for between-sex variation in RR using an ANCOVA with SEX as a factor, which showed no significant differences between sexes; for P. muralis: F 3,9 = 2.27, p = 0.15 and for I. horvathi: F 3,22 = 0.64, p = 0.60 thus we pooled both sexes prior to interspecific comparison. In amphibians and beetles only males were included. We compared body length (BodyL) and body mass (Mass) by means of a one-way ANOVA between the two species in each group and performed an ANCOVA of Mass while using BodyL as a covariate to describe the relative body mass (the mass relativised to the mean body length). We applied a repeated measures (rm) ANOVA design with temperature regime as the within-subject factor (Temperature) and Species as the between-group factor to examine variation between species in RR and PMA. For comparison of Q 10 values we used a oneway ANOVA. For pairwise post-hoc comparisons we used the Tukey HSD significant difference test. Statistical analyses were performed in Statistica (Dell 2015) .
Data deposition
Data available from the Dryad Digital Repository:  http:// dx.doi.org/10.5061/dryad.p73g8  (Žagar et al. 2018) .
Results
The examination of general patterns of variation in body length (BodyL) showed that the studied species of reptiles were similar (Table 1, Fig. 2a ), while in amphibians and beetles the high-elevation species were shorter than the low-elevation species (Table 1, Fig. 2b, c) . Mass differed only in amphibians, with high-elevation species being lighter (Table 1) , while relative mass (mass using BodyL as a covariate) also in amphibians; differed high-elevation species had lower values (Table 1, Fig. 2e ).
There were interspecific differences in average RR in all three ectotherm groups and in the response of RR to temperature change in reptiles and amphibians, but not in beetles (Table 2, Fig. 3) . The low-elevation reptile species had significantly higher RR at the average preferred body temperature (28°C; Fig. 3a) . The high-elevation beetle species had significantly higher average RR than low-elevation beetle (highest difference observed at highest end of preferred body temperature at 20°C, Fig. 3c ). The thermal response of RR (the pair-wise comparison between low and mid and between mid and high temperature regime) was stronger in the highelevation reptile species than the low-elevation reptile species between the mid and low temperature regimes (Fig. 3a) . The amphibian species exhibited a similar thermal response, which was only evident between the mid and high temperature regimes (Fig. 3b) . In beetles the low-elevation species did not show a clear thermal response, while the high-elevation species had a significant thermal response in RR between the mid and high temperature regime (Fig. 3c) .
PMA exhibited significant interspecific variation that was parallel in all three ectotherm groups; the high-elevation species consistently had significantly higher average PMA (Table 3, Fig. 4) . There was also a significantly strong response of PMA across temperature regimes in all three groups (Table 3, Fig. 4 ). Interspecific comparison of PMA at each temperature regime revealed that in all three groups the difference increased with increasing temperature (higher significance levels of pairwise interspecific comparisons between low and mid and between mid and high temperature regimes, Fig. 4 ). In the case of reptiles, these results were marginally significant (factor Temperature  Species: p = 0.054, Table 3 ) and a significant difference between species was only shown between the mid and high temperature regime (Fig. 4a) .
The mean  SE of Q 10 values in lizards was 2.075  0.079 for I. horvathi and 2.128  0.063 for P. muralis, in salamanders 2.124  0.092 for S. atra and 2.510  0.126 for S. salamandra, and in beetles 2.302  0.039 for C. croaticus and 2.640  0.184 for C. coriaceus. The Q 10 values did not differ between high-elevation and low-elevation reptiles (F 1, 37 = 0.29, p = 0.597). The same was found for beetles (F 1, 17 = 3.58, p = 0.076). In amphibians, there was a significant difference; the values were higher in the low-elevation than in the high-elevation amphibians (F 1, 20 = 7.29, p = 0.014).
Discussion
Since information on metabolic acclimation in wild populations is still lacking for many terrestrial organisms (Pörtner and Knust 2007) , results of this study extensively contribute to increase our knowledge for three relevant groups of terrestrial ectotherms. Based on these novel data, the main result of our multi-group experimental study of metabolism of species in sympatric ranges showed there is a consistent pattern of higher potential metabolic activity (PMA) across reptiles, amphibians and beetles. Specifically, PMA was Table 1 . Results of AN(C)OVA interspecific comparisons within groups for body length (BodyL; top), body mass (Mass; middle) and relative body mass (Mass using BodyL as a covariate). df: degrees of freedom, F: F-statistic, p: corresponding p-value. Significant effects are highlighted in bold characters.
Reptiles
Amphibians lower in the low-elevation species of reptiles, amphibians and beetles than in their high-elevation counterparts. Parallel patterns in potential metabolism found in three independently evolved animal groups suggests a genuine adaptive syndrome (Price 1994) , since the compared populations were from an area of overlap at mid-elevations where they experienced similar environmental conditions. Indeed, the results of this study stress that the capacity for metabolism on the biochemical level consistently changes with species distribution range, i.e. specialization vs generalization was reflected in the studied physiological traits. Moreover, since the study species consisted of pairs of high-and low-elevation species, this finding reinforces the role of environmental temperatures (which change with elevation) as a powerful selective pressure in ectotherm physiology. At higher elevations, ectothermic organisms tend to experience shorter periods of optimal environmental temperatures (shorter activity seasons) and are under thermally more restrictive conditions than at lower elevations (Hijmans et al. 2005) . The ability to attain higher metabolic performance (Table 2) are indicated with * . Table 2 . Results of ANOVA-rm interspecific comparisons within groups of respiration rates (RR) measured at three temperature regimes (see Material and methods) of reptiles, amphibians and beetles considering the effect of species (Species) and temperature regime. df: degrees of freedom, F: F-statistic, p: corresponding p-value. Significant effects are marked in bold characters.
Amphibians Beetles in shorter activity seasons at higher elevations may be the mechanism that allows high-elevation species to compensate for the metabolic costs of longer hibernating (inactivity) periods there and likely to ensure reproduction in a shorter activity season. We observed that high-elevation ectotherms had higher PMA, enabling higher metabolic performance in optimal conditions, which likely compensates for the thermally restricted environment that they experience at their core distribution range. Oppositely, at lower elevations, high PMA would be too costly to maintain under suboptimal conditions (Schmidt-Nielsen 1997) . However, since sampled populations were from the sympatric range at mid-elevations, our results suggest that differential adaptation to each species' range core persists and does not attenuate under different local conditions.
High-elevation and range-restricted species ('specialists') exhibited a higher efficiency in the metabolism (higher PMA values that describe the enzymatic capacity for metabolism on the tissue level) but respiration rates (RR) only partly corresponded with PMA. In theory, we would expect that the mass specific oxygen consumption of an individual would be correlated with its enzymatic potential to consume oxygen (Schmidt-Nielsen 1997) . However, this was only observed in beetles, and not in amphibians or reptiles. Amphibians had relatively low mass specific oxygen consumption and high variation within one species in measures of RR were observed (most likely due to measurement errors, see Material and methods), which lead to little significant variation detected on the inter-specific level. For reptiles, RRs were the opposite of expected; low-elevation lizards had higher RR than the (Table 2) to show significance levels: n.s. = not significant, * = p  0.05, ** = p  0.01 and *** = p  0.001. Table 3 . Results of ANOVA-rm interspecific comparisons within groups of potential metabolic activity (PMA) measured at three temperature regimes (see Material and methods) of reptiles, amphibians and beetles, considering the effect of species (Species) and temperature regime. df = degrees of freedom, F = F-statistic, p = corresponding p-value. Significant effects are marked in bold characters.
Amphibians high-elevation species at all three temperatures, despite lower PMA at all three temperatures. High-elevation species with high-potential metabolic tissues may have more demanding maintenance costs at lower body temperatures (while inactive) and not at preferred body ranges at which measurements were done. There might also be other differences on the level of tissue composition or ratio of tissues in the body that could have an effect on RR (see Introduction) and contributed to this opposite of expected result. The results of this study also showed that for reptiles and beetles the high-elevation species had a higher thermal response in respiration rate (RR); the rate of increase in RR with increased body temperature was higher. This suggests that their metabolism responds more strongly to temperature. Higher metabolic performance also means increased energetic costs (Angilletta 2001) as well as overall production of proteins, which is expected to affect food intake and other life-important activities such as reproduction, territorial defence and anti-predatory behaviour (Bennett 1982) thus has ecological repercussions. If high-elevation species can exhibit higher metabolic performance, this will also ensure the adequate production of energy for engaging in thermoregulatory behaviour, resulting in a more precise thermoregulatory strategy.
Ectotherms with highly responsive metabolism to temperature that behaviourally thermoregulate, as those species of reptiles (lizards) studied here, would benefit from maintaining their body temperatures precisely around the optimal range for highest metabolic rates. Our results are in concordance with this expectation in this group. Namely, high-elevation species, I. horvathi, is a more precise thermoregulator than low-elevation species, P. muralis since it exhibited higher seasonal thermoregulatory precision (Osojnik et al. 2013) . Given that maintaining high metabolic potential is costlier in suboptimal conditions (Schmidt-Nielsen 1997) , high PMA may be even better exploited if in times of activity the species has a higher precision of thermoregulation, i.e. thermoregulates to maintain body temperatures in a narrow range (Huey and Kingsolver 1989) . The same pattern of higher thermal responsiveness of RR was observed in beetles, which suggest they could potentially have the same link with different thermoregulatory abilities as lizards. However, in ground beetles behavioural thermoregulation is still largely underexplored. Thus it is not possible to support these predictions before it has not yet been investigated, although it may be expected.
What could be the underlying mechanisms for parallelism in diverged distribution pattern of studied species and found different pattern of metabolic potential? A reasonable explanation would be a trade-off between high metabolic performance that promotes faster and higher rates of metabolism to secure enough energy in a short window of favourable environmental conditions and high energetic maintenance cost of such metabolism of high enzymatic capacity. Under (Table 3) to show significance levels: n.s. = not significant, * = p  0.05, ** = p  0.01 and *** = p  0.001. thermally restricted environment (at high-elevations) this physiological strategy likely allows compensating for the short thermal window of opportunity for activity, but at lowelevations such highly-efficient metabolism is not needed and may be too costly. Under longer activity periods in less thermally restrictive environment at low-elevations, highly efficient metabolism in high-elevation specialist would produce higher energetic demands and higher reactive oxygen species production leading to higher oxidative stress compared to low elevation generalist with lower metabolic potential capacity. Thus, low-elevation species may be constrained to move up-wards with low efficiency in their metabolism, while highelevation specialists might have lower fitness at low elevations due to high energetic demands of their highly-efficient metabolism. Due to lower fitness at low-elevations, high-elevation species thus might be out-competed by low-elevation generalist species in lowlands. This is most likely true in case of studied lizards where other studies suggested interspecific competition exists (Osojnik et al. 2013 (Osojnik et al. , Žagar et al. 2015b (Osojnik et al. , 2017 , but competition is probably not the mechanism behind segregation pattern of studied amphibians and beetles and other mechanisms and adaptations (specific reproductive demands etc.) may also play a role in spatial segregation pattern. Overall, obtained results suggest that physiological alterations may determine the survival capacity of species under thermally more restrictive environments at higher elevations. This biochemical-level differences in the metabolism may have evolved in the past under different environmental conditions (i.e. Pleistocenic glaciations, Pliocene aridification), which would mean it is due to past rather than current adaptation. Alternatively, it may be due to more recent adaptation to the different environmental conditions experienced in low and high-elevations. Although in this study we could not fully identify the reasons for the consistent pattern, the parallelism found across the three ectotherm groups suggests it is important.
Conservation implications
Terrestrial ectothermic organisms represent by far the largest part of global biodiversity (Hawkins et al. 2003) . Because many of them are poor dispersers, recent climate changes with increasing environmental temperatures or more frequent temperature extremes may have detrimental impacts (Thomas et al. 2004, Buckley and Huey 2016) . The results of this study should firstly be used as novel descriptors of a species' fundamental niche and its dimension of physiology that are as such available to be used to improve future predictive power for estimating extinction risk of species under expected climate change scenarios. This is especially necessary for high-elevation specialists. Our results highlight that among ectotherms, impacts may be different for highelevation specialists than low-elevation generalists due to differences in the thermal responses of PMA (and RR in reptiles and beetles). Moreover, our results also contribute to the growing body of evidence that associating metabolic studies and species ecology can foster a novel understanding of the forces that shape observed patterns of biodiversity in ecosystems in general (Pizzolotto et al. 2014 , White and Kearney 2014 , Magozzi and Calosi 2015 , Riddell and Sears 2015 , Kraemer et al. 2016 ). More studies focusing on understanding the current variation of physiological traits in natural populations are needed in order to predict species' response to climate change.
